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Abstract 27 
Marine sediments represent an important sink of harmful petroleum hydrocarbons after an 28 
accidental oil spill. Electrobioremediation techniques, which combine electrokinetic transport 29 
and biodegradation processes, represent an emerging technological platform for a sustainable 30 
remediation of contaminated sediments. Here, we describe the results of a long-term 31 
mesocosm-scale electrobioremediation experiment for the treatment of marine sediments 32 
contaminated by crude oil. A dimensionally stable anode and a stainless-steel mesh cathode 33 
were employed to drive seawater electrolysis at a fixed current density of 11 A/m2. This 34 
approach allowed establishing conditions conducive to contaminants biodegradation, as 35 
confirmed by the enrichment of Alcanivorax borkumensis cells harboring the alkB-gene and 36 
other aerobic hydrocarbonoclastic bacteria. Oil chemistry analyses indicated that aromatic 37 
hydrocarbons were primarily removed from the sediment via electroosmosis whereas low 38 
molecular weight alkanes (nC6 to nC10) via biodegradation.  39 
 40 
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1. Introduction 43 
Marine sediments represent an important sink of harmful petroleum hydrocarbons (PH) after 44 
an accidental oil spill (Gong et al., 2014). A number of different chemical, physical, and 45 
microbiological processes, contribute to the sinking of PH from the water column down to the 46 
seafloor, including weathering, adsorption onto sinking particulate matter (e.g., marine snow), 47 
and the addition of chemical dispersants (Daly et al., 2016; Passow et al., 2017; Romero et al., 48 
2017; Stout and German, 2018). Recent studies have pointed out that the fraction of spilled 49 
hydrocarbons, which ultimately reaches the seafloor may be extremely relevant, up to 14% 50 
(on a mass basis), as in the case of the Deepwater Horizon (DWH) spill (Chanton et al., 2015; 51 
Valentine et al., 2014). Upon sedimentation, PH penetrate the upper layers of the sediment 52 
whereby they can persist for years or even decades, acting as a long-lasting contamination 53 
source to natural ecosystems. The long-term persistence of hydrocarbons, buried within 54 
marine sediments, is typically due to the lack of molecular oxygen. Indeed, although 55 
extensively documented, the anaerobic biodegradation of PH typically proceeds at 56 
remarkably lower rates compared to its aerobic counterpart (Boopathy, 2017; da Cruz et al., 57 
2011; Mapelli et al., 2017; Salminen et al., 2004). Depending on site conditions, certain oil 58 
components, such as polycyclic aromatic hydrocarbons (PAH), also tend to strongly bind onto 59 
hydrophobic sedimentary materials, particularly when they are fine-grained and constituted 60 
by clay minerals, with this process markedly reducing their bioavailability, and in turn 61 
reduced their biodegradability (Kronenberg et al., 2017; Zhao et al., 2015). Furthermore, in 62 
some cases, PH biodegradation in marine sediments may also be hampered by the lack of 63 
macro and micronutrients and/or the lack of naturally occurring hydrocarbon-degrading 64 
microorganisms (Atlas and Bartha, 1972; Singh et al., 2014). 65 
Over the years, different strategies have been proposed, with varying degrees of success, to 66 
overcome environmental and microbiological factors rate-limiting PH biodegradation in 67 
contaminated marine sediments. As an example, addition of fertilizers and/or oxygen-68 
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releasing compounds (e.g., calcium peroxide-based chemicals) have been considered to 69 
address nutrient and oxygen limitation issues, respectively (Boufadel et al., 1999; Mosmeri et 70 
al., 2018; Wu et al., 2018). However, difficulties in delivering the amendments into the 71 
sediments, as well as their low yield of utilization by PH-degrading microorganisms due to the 72 
rapid consumption/scavenging by side biotic and abiotic reactions, make these remediation 73 
approaches both highly expensive and scarcely effective. Furthermore, the ever-increasing 74 
attention towards environmental sustainability is now catalyzing the interest towards novel 75 
(bio)remediation technologies which involve minimal use of chemicals (and external energy) 76 
and have, accordingly, low environmental impact. In this context, electrobioremediation 77 
technologies have recently attracted considerable attention, particularly following the 78 
discovery of an ever-increasing number of microorganisms capable to degrade environmental 79 
contaminants, including PH, using electrodes as virtually inexhaustible terminal electron 80 
acceptors in their metabolism (Aulenta et al., 2009; Cruz Viggi et al., 2015; Daghio et al., 2018, 81 
2016, 2016; Domínguez-Garay et al., 2018; Li et al., 2015; Mao et al., 2016; Modin and Aulenta, 82 
2017; Rakoczy et al., 2013; Rodrigo Quejigo et al., 2016; Wang et al., 2015; Zhang et al., 2010). 83 
Furthermore, bioelectrochemical system have also proved as an effective mean to manipulate 84 
the redox potential of a contaminated matrix and, thereby, establishing in situ conditions that 85 
are conducive to contaminants biodegradation (Barba et al., 2018; Yan et al., 2015; Yan and 86 
Reible, 2015, 2012). As an example, in a previous microcosm study, dimensionally stable 87 
anodes (DSA) buried within a contaminated sediment where successfully employed to fine-88 
tune oxygen generation within the sediment, via (low voltage, i.e., 2V) seawater electrolysis, 89 
and by so doing accelerating (up to 3-times relative to non-electrified controls) the 90 
biodegradation of crude oil hydrocarbons (Bellagamba et al., 2017).  91 
Further to their role as direct or indirect (via oxygen generation) electron acceptors, 92 
electrodes can also be exploited to enhance PH bioavailability. Indeed, application of low-93 
voltage direct electric currents triggers electrokinetic transport phenomena such as 94 
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electroosmosis, electromigration, and electrophoresis (Acar et al., 1995; Acar and 95 
Alshawabkeh, 1993). In the case of non-ionic contaminants, such as PH, electroosmosis is the 96 
principal transport mechanism (Kuppusamy et al., 2017; Lim et al., 2016; Luo et al., 2005). 97 
Electroosmosis, or electroosmotic flow, is the movement of pore water within the 98 
soil/sediment from the anode to the cathode under the influence of an electrical potential. 99 
Importantly, the electroosmotic flow is directly proportional to the applied electrical gradient 100 
(V/cm), but it is virtually independent of the soil/sediment porosity and hydraulic 101 
conductivity, thereby making this remediation approach ideally suited for the removal of non-102 
ionic contaminants from low-permeability soils and sediments. The principles of 103 
electrokinetics and electrokinetic remediation have been reviewed in several previous studies 104 
(Acar et al., 1995; Acar and Alshawabkeh, 1993; Lim et al., 2014).  105 
Here, we examined the viability of an integrated remediation approach, exploiting the 106 
synergistic effect of electrokinetic transport and bioremediation, for the treatment of marine 107 
sediments contaminated by crude oil. For the first time, the study was carried out in a highly 108 
representative environmental setting based on the use of large-scale mesocosm facilities and 109 
involved the application of a highly comprehensive suite of chemical, microbiological and 110 
electrochemical tools and analytical techniques to assess the overall viability and 111 
sustainability of the proposed approach.  112 
 113 
2. Materials and Methods 114 
2.1 Experimental setup and operational conditions 115 
The hereafter described mesocosm experiments were setup and conducted at the Messina site 116 
of IAMC-CNR, located on the seaside of Messina harbor (Italy). The mesocosms consisted of 2 117 
Perspex tanks (length: 100 cm, depth: 30 cm; height: 40 cm), one equipped with electrodes 118 
(electrolytic mesocosm) and one without electrodes (control) (Figure 1). Each tank was filled 119 
with approximately 130 kg of marine sediments that were artificially contaminated in the 120 
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laboratory with Danish Underground Consortium (DUC) Light Crude Oil, to a final 121 
concentration of approximately 10 g/Kg. The main organic components of the oil were 122 
paraffins (12.7 % wt/wt), napthenes (14.6 % wt/wt), and aromatics (4.8% wt/wt). The two 123 
tanks were positioned within a larger tank (500 x 150 x 50 cm) that was kept under a 124 
continuous-flow of seawater, taken directly from the Messina harbor, at a flow rate of 125 
approximately 510 L/h. Prior to be introduced within the tank the seawater was filtered 126 
through a 200 μm nylon mesh to remove large metazoans and other suspended materials. 127 
 128 
Figure 1.  129 
 130 
 131 
Electrodes employed in the electrolytic mesocosm were a rectangular titanium-mesh anode 132 
coated with Ru/Ir oxides (Magneto Special Anodes, The Netherlands) and a Stainless steel 304 133 
mesh cathode (Alpha Aesar, USA). The projected area of the cathode and the anode was 134 
approximately 0.045 m2. The anode was positioned close to the bottom of the tank, whereas 135 
the cathode was placed in the overlying water (outside the sediment) (Figure 1). The 136 
electrodes were connected to a power source (Manson NSP-2050, Manson Engineering 137 
Industrial, Hong Kong), using Ti wires. The spacing between the anode and cathode was 138 
approximately 30 cm.  139 
Upon setup, the electrolytic systems were maintained for approximately 2 weeks at open 140 
circuit (i.e., the electrodes kept disconnected), until the establishment of anoxic conditions 141 
within the sediment. Thereafter, the electrodes were connected to the power source and, after 142 
an initial start-up period of 14 days (aimed at verifying the electrochemical functionality of 143 
the system as a whole) during which a fixed voltage difference of 2.5 Volts was applied 144 
between the electrodes, a fixed current of 500 mA was continuously applied to the circuit. 145 
Assuming a 100% Faradic efficiency for seawater electrolysis (with oxygen evolution at the 146 
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anode and hydrogen evolution at the cathode being the only reactions taking place at the 147 
electrodes), this applied current would theoretically correspond to an oxygen generation rate 148 
of approximately 4 grams per day. 149 
The electrolytic and the control mesocosms were monitored for a period of approximately 150 
230 days, during which a number of analytical, electrochemical, and microbiological 151 
parameters were analyzed. Notably, since one of the main objectives of the experiment was to 152 
assess the radius-of-influence of the electrobioremediation system, the 2 mesocosms were 153 
sampled in different positions, at increasing distance from the electrodes, with each position 154 
being identified with a code (E1, E3, E5 and C1, C3, C5, for the electrolytic and the control 155 
mesocosm, respectively) (Figure 2).  156 
At each sampling time, sediment samples (each of approximately 50 grams) were removed 157 
from the mesocosms at the different sampling positions, using a stainless steel corer and were 158 
analyzed for: (i.) oil hydrocarbons by gas-chromatography mass-spectrometry (GC-MS) and 159 
by ad-hoc developed biosensors; a functional gene (alkB) involved in aerobic hydrocarbons 160 
biodegradation by catalyzed reported deposition – fluorescence in situ hybridization (CARD-161 
FISH); the microbial community composition using Next Generation Sequencing (NGS). 162 
Throughout the study, electrochemical measurements (i.e., electric current and voltage 163 
difference between electrodes) were taken directly from the power source (Manson NSP-164 
2050, Manson Engineering Industrial, Hong Kong). In correspondence to each sampling time, 165 
the redox potential of the sediment was measured by inserting electrodes directly within the 166 
sediment, at a depth of approximately 15 cm from the surface. A further detailed description 167 
of individual analytical and microbiological methods is included in the following paragraphs. 168 
 169 
 170 




2.2 Analysis of aromatic and aliphatic oil hydrocarbons by GC-MS and changes in diagnostic 174 
ratios 175 
2.2.1 Sample preparation.  176 
All sediment samples were homogenized with equal amounts of hydromatrix® (Agilent) in an 177 
IKA 11® sample mill and extracted through pressurized liquid extraction in an ASE200 system 178 
(Dionex, USA). The extraction cell for the sediment samples contained 4 grams of activated 179 
silica (bottom layer), 5 grams of sample mix, topped off with Ottawa sand. The samples were 180 
added 200 µL of an 8 µg/mL internal standard mix (see Table S1 for content and application). 181 
The following extraction parameters were used: Pressure: 1500 psi, pre-heat time: 2 minutes, 182 
static time: 5 minutes, flush volume: 70%, purge time: 60 seconds, static cycles: 2, 183 
temperature: 100°C, solvent mixture: n-pentane:dichloromethane (90:10). Each cell was 184 
extracted twice into separate collection vials, and after concentrating under an elevated 185 
temperature (40°C), the two extracts were combined and evaporated to dryness, and 186 
reconstituted to 5 mL with n-pentane:dichloromethane (90:10) and 200 µL of 8 µg/mL 187 
recovery standard mix (see table S1 for content and application).  188 
 189 
2.2.2 GC-MS analysis 190 
The extracts were analysed using an Agilent 5975C inert XL MSD with electron ionization 191 
operating in selected ion monitoring (SIM) mode, as previously described (Gallotta and 192 
Christensen, 2012). In brief, the GC was equipped with a HP-5 capillary column (60 m lenght, 193 
0.25 mm I.D., 0.25 µm film thickness) capillary column, with helium being used as carrier gas 194 
at a flow rate of 1.1 mL/s. Aliquots of 1 μL were injected in splitless mode with injection 195 
temperature of 300 °C. The column temperature programme was as follows: Initial 196 
temperature 40 °C held for 2 min, 25 °C/min to 100 °C then followed by an increase of 197 
5 °C/min to 315 °C (held for 14 min). The transfer line, ion source and quadrupole 198 
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temperatures were 315 °C, 230 °C and 150 °C, respectively. A total of 55 mass-to-charge ratios 199 
(m/z's) divided into 12 groups were acquired in SIM mode (Table S2). The dwell time for 200 
each m/z was 25 ms. The number of monitored ions (13 m/z's) was consistent between 201 
groups to avoid differences in the scanning frequency. Peaks were quantified using 202 
Chemstation V2.0 (Agilent technologies, Inc.). 203 
 204 
2.3 Analysis of aromatic and low MW aliphatic hydrocarbons with biosensors  205 
The bacterial strains used as biosensors were Alcanivorax borkumensis SK2 (pKSB1), which 206 
responds to n-alkanes having between 6 and 10 carbon atoms (Sevilla et al., 2015); A. 207 
borkumensis SK2 (pKSP450-3.3), which responds to pristane but not to n-alkanes (Sevilla et 208 
al., 2017); Pseudomonas putida KT2440 (pKST-1), which allows detecting benzene, toluene 209 
and xylene (Hernández-Sánchez et al., 2016); and Novosphingobium sp. HR1a (pKSR-1), a 210 
strain that responds to the polycyclic aromatic compounds biphenyl, naphthalene, 211 
phenanthrene and 2-methylnaphthalene (Segura et al., 2017). In all cases, the strains 212 
contained a plasmid in which the gene coding for the Green Fluorescent Protein (GFP) is 213 
transcribed from a suitable promoter whose expression is induced in the presence of specific 214 
hydrocarbon compounds; induction is achieved by means of a specific regulatory protein that 215 
senses the presence of a given hydrocarbon and responds by activating the corresponding 216 
promoter. The amount of GFP produced can be easily monitored measuring the fluorescence 217 
emitted by the cells (see below). A. borkumensis strains were cultured in ONR7a artificial 218 
seawater medium containing 1% (w/v) pyruvate as the carbon source (Dyksterhouse et al., 219 
1995), while P. putida and Novosphingobium were cultured in mineral salts M9 medium (Abril 220 
et al., 1989) amended with 5 mM glucose as the carbon source. Antibiotics were added to 221 
assure the stable maintenance of the reporter plasmids (50 g/ml streptomycin for A. 222 
borkumensis and P. putida strains, and 30 g/ml gentamycin for Novosphingobium).  223 
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Assays were performed adapting previously described protocols (Hernández-Sánchez et al., 224 
2016; Sevilla et al., 2015). Briefly, for the detection of n-alkanes or pristane, cultures of the A. 225 
borkumensis reporter strains were cultivated to stationary phase in ONR7a-pyruvate at 30°C 226 
and cells were centrifuged and re-suspended in fresh medium. After adjusting the turbidity of 227 
the culture to 0.1 (A600 nm) with fresh medium, 4 mL of the cell suspension were loaded into 228 
4.5 mL crew-cap glass vials containing 0.05 g of the sediment sample, or no sample (as 229 
control). The vials were closed to avoid evaporation of the hydrocarbons and incubated at 230 
30°C with agitation for 4 to 24 h, as specified. Vials containing the sediment samples, but 231 
lacking cells were used as blanks. To measure the fluorescence (amount of GFP) of the 232 
samples, 200 µL (in triplicate) were taken from the vials and dispensed onto a black, clear–233 
bottomed microtiter plate. The fluorescence (excitation 480 nm, emission 520 nm) and 234 
absorbance (600 nm) were recorded simultaneously in a TECAN (CH) reader for microtiter 235 
plates equipped with a fluorescence detector. The fluorescence signal was normalized by the 236 
number of cells present, which was calculated from the turbidity of the culture (A600) after 237 
detracting the turbidity of the sample with no cells. The fluorescence induction ratio was 238 
obtained by dividing the normalized fluorescence of sediment-containing samples by that of 239 
control samples containing no sediment. Three biological replicates were performed.  240 
When using the P. putida or Novosphingobium reporter strains to detect aromatic compounds, 241 
cells were grown overnight on M9-glucose medium and then diluted in 10 ml of the same 242 
fresh medium to a turbidity (A600 nm) of 0.1. Cells were transferred to an Erlenmeyer flask 243 
equipped with a screw cap and 0.5 g of sediment sample were added. As control, a culture of 244 
the reporter strain was used without addition of sediment sample. Flasks were tightly closed 245 
and incubated at 30°C for 7.5 h with agitation. Two ml of the cultures were taken, centrifuged 246 
(2000 rpm) to eliminate sediments, and the turbidity (A600 nm) of supernatants was measured 247 
and adjusted to 0.1. Fluorescence (excitation 485 nm, emission 510 nm) was then measured 248 
in a LPS-220B fluorometer (Photon Technology International). Fluorescence values are given 249 
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as fluorescence induction ratio (fluorescence emitted in presence of sediment divided by the 250 
fluorescence emitted by the control culture without sediment). Three independent replicates 251 
were performed. 252 
 253 
2.4 Analysis of alkB gene by CARD-FISH 254 
Sediment samples (corresponding to 2.5-15 g of wet sediment), collected from each 255 
mesocosm, were immediately fixed with formaldehyde (2%) for 3 h, at 4 °C. Cells were 256 
extracted from sediment particles in formaldehyde-fixed samples using a cell separation 257 
method based on density gradient centrifugation (Barra Caracciolo et al., 2005). Different 258 
aliquots of the supernatant containing the detached cells were filtered through 0.2 μm filters 259 
(Ø 25 mm, Millipore) using a gentle vacuum (<0.2 bar). At least two different filters were 260 
prepared for each sample. Filters were stored at -20 °C until the hybridization assays were 261 
performed. GeneCARD-FISH assay was conducted on small filter sections according to a 262 
previously described protocol (Matturro et al., 2016). Hybridized cells carrying the alkB2 gene 263 
were visualized by epifluorescence microscopy (Olympus, BX51) and quantified by counting 264 
fluorescent cells (at least 100 cells per grid) on random grids on the filter sections. 265 
Quantitative data were expressed as cell numbers per g dry weight of sediment. 266 
 267 
2.5 Microbial Community Analysis with Next Generation Sequencing 268 
Forty-eight 16S rRNA amplicon libraries were generated representing communities from the 269 
sediment used to prepare the electrolytic and control mesocosms prior to incubation at 270 
increasing distance from the electrode (day 0 - E1, E3, E5 and day 0 - C1, C3, C5 respectively). 271 
The microbial communities were also characterized in sediments from the electrolytic and 272 
control mesocosms following 77 days incubation at only two distances (day 77 - E1, E5 and 273 
day 77 – C1, C5) and at 135 days of incubation at all distances from the electrode (day 135 - 274 
E1, E3, E5 and day 135 – C1, C3, C5) (n=3 for all treatments). The microbial community 275 
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analysis was conducted according to detailed procedures reported elsewhere. Briefly, DNA 276 
extraction: Extractions were performed in triplicate from sediment samples (~400 mg) using 277 
a PowerSoil® DNA Isolation Kit (Mo Bio Laboratories Inc., USA) with a ribolyser (FastPrep-24, 278 
MP Biomedicals, USA). Procedural blanks were performed to ensure extracts remained 279 
contamination-free throughout the extraction procedure.  280 
PCR amplification 16S rRNA genes and PCR product purification: The variable V4/V5 region 281 
of the 16S rRNA gene was amplified using the degenerate primers, 515F (GTG-NCA-GCM-GCC-282 
GCG-GTA-A) and 926R (CCG-YCA-ATT-YMT-TTR-AGT-TT) (Quince et al., 2011). PCR reactions 283 
and conditions, according to a previous study, were performed in a thermal cycler (Techne 284 
TC-512, Bibby Scientific Limited). Products were analyzed by gel electrophoresis with 1% 285 
(w/v) agarose gel in 1 x Tris-acetate EDTA buffer at 100 V for 45 min. Gels were stained with 286 
ethidium bromide and visualized with a BioSpectrum Imaging System with VisionWorks LS 287 
software (UVP, Cambridge, UK). PCR products were purified with Agencourt AMPure XP PCR 288 
purification kit (Beckman Coulter). 289 
DNA quantification and Ion Torrent DNA sequencing: Purified DNA was quantified on a Qubit 290 
2.0 Fluorometer (Invitrogen) with a dsDNA high sensitivity assay kit (Invitrogen). The final 291 
concentration of DNA was adjusted to 100 pM, and equimolar concentrations of DNA from all 292 
samples were pooled. The pooled amplicon library was sequenced on an Ion Torrent Personal 293 
Genome Machine (Life Technologies). The library was diluted (26 pM) and emulsion PCR 294 
performed on a OneTouch2 instrument with an Ion PGM Template OT2 400 kit according to 295 
the manufacturer’s instructions (Life Technologies). Beads with bound template DNA were 296 
purified on a OneTouch ES system (Life Technologies). Following enrichment, the beads were 297 
loaded onto a PGM 316 chip and sequenced in accordance with the manufacturer’s 298 
instructions. 299 
Data analysis: Raw sequence reads were retrieved using the Torrent Suite Software V4.0 (Life 300 
Technologies). Sequence reads with a modal length of 428 bp were analyzed in QIIME 301 
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(Caporaso et al., 2010b). Sequences were assigned to samples based on their unique barcodes 302 
and simultaneously filtered to remove reads with no corresponding barcode, reads without 303 
the correct primer sequence and poor-quality reads (those with a quality score of <20 were 304 
discarded). Operational taxonomic unit (OTU) classifications were performed using UClust 305 
(Edgar, 2010), with an OTU threshold defined at 97% sequence identity. OTUs were first 306 
clustered open reference against the Greengenes 16S rRNA core alignment (DeSantis et al., 307 
2006) and then clustered de novo. Taxonomy was assigned using RDP Classifier (Wang et al., 308 
2007) and sequences aligned using PyNAST (Caporaso et al., 2010a). Chimeric sequences 309 
were identified with ChimeraSlayer (Haas et al., 2011) and removed before subsequent 310 
analysis. The average number of reads in individual binned libraries after filtering was 44,594 311 
with a range from 6.0 to 130,733 reads. Libraries were rarefied to 9976 reads for comparative 312 
analysis, which excluded 2 samples from the dataset (Day 0 E1 Replicate 2, 6.0 sequences and 313 
Day 135 E1 Replicate 2 due to non-amplification during PCR) (Table S3). Core diversity 314 
analysis was subsequently performed in QIIME v1.8 to provide a comparative analysis of the 315 
microbial communities between samples. Sequences have been deposited in the NCBI’s 316 
Sequence Read Archive (SRA) under BioProject PRJNA435930. Operational taxonomic unit 317 
(OTU) frequencies were subsequently used to calculate Bray-Curtis similarity indices (Bray 318 
and Curtis, 1957) for pairwise comparisons of DNA sequencing profiles. Bray-Curtis similarity 319 
values of microbial communities from electrolytic and control mesocosms were compared by 320 
non-metric multidimensional scaling (nMDS) analysis using PRIMER v7.0.13 (Clarke and 321 
Gorley, 2015). 322 
 323 
3. Results 324 
3.1 Electrochemical measurements  325 
Figure 3A shows the time profiles of electric current and cell voltage throughout the whole 326 
experimental period. Remarkably, during steady-state operation of the electrolytic mesocosm 327 
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at a fixed current (I) of 500 mA (corresponding to a current density of 11 A/m2), the cell 328 
voltage (V) remained stably below 4.5 V, hence pointing to a low electrical resistance of the 329 
system as a whole (<10 Ω), which was most likely ensured by the high electric conductivity of 330 
the seawater. Accordingly, under steady-state conditions, electric power consumption (W= I x 331 
V) was lower than 2.25 W.  332 
 333 
Figure 3.  334 
 335 
 336 
The application of a fixed current of 500 mA markedly affected the redox potential (ORP) of 337 
the sediment, consistently with the occurrence of electrolytic oxygen generation at the anode 338 
(Figure 3B). In the electrolytic mesocosm, at the start of the experiment the ORP was around 0 339 
V vs. Ag/AgCl, then it gradually increased at all sampling points during the initial 120 days of 340 
operation, before stabilizing, or slightly decreasing during the remainder of the test. 341 
Specifically, at E1, the sediment redox potential reached a peak of +320 mV, after 77 days of 342 
operation (i.e., t1), whereas at E3 (i.e., positioned 30 cm apart from E1) and at E5 (positioned 343 
60 cm apart from E1), the redox potential reached lower peak values of +310 V and +220 V, 344 
respectively, only after 135 days of operation. From day 120 onward, a slow decrease in the 345 
redox potential was observed at all sampling points. At the end of the study, however, the 346 
redox potential remained between +250 mV (at E1 and E3) and +150 mV (at E5).  347 
A strikingly different trend was observed in the control mesocosm, whereby after a period of 348 
around 120 days during which the redox potential remained nearly stable at around 0 V, it 349 
gradually decreased down to -200 mV by the end of the study, suggesting the establishment of 350 
anoxic conditions, most likely driven by the metabolic activity of naturally-occurring sulfate 351 
reducing microorganisms.  352 
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Collectively, these results provide a clear indication that application of low-voltage direct 353 
current, prompting seawater electrolysis, allows increasing the redox potential of the 354 
sediment, thereby creating conditions that are potentially conducive for the aerobic 355 
biodegradation of oil hydrocarbons. Most importantly, the effect of electrolysis was apparent 356 
even at a distance of over 45 cm from the edge of the anode, and also in the presence of a 357 
continuous flow of seawater over the surface of the sediment. 358 
 359 
 360 
3.2 GC-MS analysis of aromatic and aliphatic hydrocarbons  361 
As far as the concentration of main oil components is concerned, Figure 4 shows the hopane-362 
normalized concentration of C0-C4-alkylated PAHs (naphthalenes, fluorenes, 363 
dibenzothiophenes, pyrenes, and chrysenes) in the electrolytic mesocosm, at the different 364 
sampling times (t1, t2, t3) and locations (E1, E3, E5), relative to the individual t0 samples, 365 
measured in %. 366 
 367 
Figure 4.  368 
 369 
 370 
Although, experimental data appeared to be affected by a substantial variability, most likely 371 
caused by the intrinsic heterogeneity of the sediment material and uneven distribution 372 
contaminants, a time-dependent decrease in the content of nearly all PAHs and methylated 373 
PAHs was apparent in sediment samples taken just over the anode (i.e., sampling point E1), 374 
with removal efficiencies ranging from 80% to 100% at the last sampling time. Substantial, 375 
though incomplete, removal of PAHs was also observed in E3, located approximately 15 cm 376 
apart from the edge of the anode. By contrast, negligible removal of PAHs was observed in 377 
16 
samples taken at E5, with concentrations measured at the last sampling time (i.e., t3), in some 378 
cases even exceeding those detected at time zero (i.e., t0) (Figure 4).  379 
As far as the Control experiment is concerned, negligible removal of PAHs was observed over 380 
time, at all sampling locations (Figure 5), with concentrations measured at the end of the 381 
study being typically equal or higher than those detected at t0. This latter finding provides a 382 
straightforward indication that the observed removal of PAHs in the electrolytic mesocosm 383 
was driven by the application of electric current. 384 
 385 
Figure 5.  386 
 387 
 388 
As far as the aliphatic hydrocarbons (nC13 to nC30) are concerned, in the electrolytic 389 
mesocosm a time-dependent decrease in their concentrations (relative to t0) was observed 390 
almost exclusively at E1, whereas negligible changes were detected at further distance from 391 
the electrode (i.e., at E3 and E5) (Figure S1). Unexpectedly, the extent of removal of individual 392 
aliphatic hydrocarbons at E1 apparently increased with the length of the carbon chain, 393 
eventually reaching 45% in the case of nC30 (Figure S1).  394 
In agreement with what observed in the case of PAHs, negligible removal of aliphatic 395 
hydrocarbons, irrespective of the chain length, was observed at all sampling locations in the 396 
control mesocosm (Figure S2), hence providing an additional line of evidence that the 397 
observed removal of hydrocarbons was triggered by the applied electric current. 398 
 399 
 400 
3.3 Analysis of aromatic and aliphatic hydrocarbons with biosensors  401 
Sediment samples from the electrolytic and the control mesocosms were also analyzed for 402 
target aromatic and aliphatic hydrocarbons by means of ad hoc developed biosensors. Besides 403 
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permitting the quantification of low molecular weight compounds that could not be analyzed 404 
via GC-MS (i.e., nC6 to nC10 aliphatic hydrocarbons), biosensors also allowed an integral 405 
assessment of the progress of the bioremediation process from the quantification of lumped 406 
parameters (e.g., total PAHs). Figure 6A shows the normalized response of the biosensors for 407 
aliphatic compounds to samples taken from the electrolytic and the control mesocosms at 408 
different times (t0, t1, t2, t3). The biosensor targeting nC6-nC10 indicated no apparent removal 409 
of hydrocarbons in the control mesocosm, with concentrations measured at the last sampling 410 
time (t3) being very similar or even higher than those measured at t0. A different situation 411 
was observed in the electrolytic mesocosm, with a consistent disappearance of contaminants 412 
being detected over time in the E1 sample and, though less clearly, also in sample E3. By 413 
contrast, negligible removal of nC6-nC10 was observed in E5. As far as the biosensor for 414 
pristane is concerned (Figure 6B), no apparent removal was noticed both in the electrolytic 415 
and in the control mesocosm, in agreement with GC-MS data (data not shown).  416 
 417 
Figure 6.  418 
 419 
 420 
Figure 7 reports the results of the biosensors for aromatic hydrocarbons. Also in this case, in 421 
agreement with the results of oil chemistry obtained via GC-MS analysis, the biosensor 422 
detected a substantial time-dependent removal of aromatic hydrocarbons (i.e., BTX and PAH) 423 
in the electrolytic mesocosm only, and specifically in correspondence of E1, whereas lower to 424 
no-removal was detected at E3 and E5 and in the Control experiment.  425 
 426 




3.4 Diagnostic ratios and PAHs plots 430 
In order to gain a deeper understanding of the prevalent oil hydrocarbons removal 431 
mechanisms (i.e., removal via electroosmosis vs. biodegradation), a number of key diagnostic 432 
ratios were calculated, from GC-MS oil chemistry analyses, for each sample and were 433 
normalized to the same ratio as measured in the original oil. Conventionally, it is assumed 434 
that, due to the different intrinsic biodegradability of the different oil components, the 435 
progress of biodegradation would result in a gradual decrease of these specific ratios. As an 436 
example, pristane (Pr) and phytane (Ph) are known to degrade at a slower rate compared to 437 
nC17 and nC18. Therefore, it is expected that, upon biodegradation the specific ratios nC17/Pr 438 
and nC18/Ph would diminish over time. Same considerations apply for aromatic compounds. 439 
By contrast, removal mechanisms not linked to biodegradation, such as electroosmosis-driven 440 
mass transport, would proceed at comparable rates for compounds having similar structures 441 
such as nC17 and Pr and therefore, would not result in a net decrease of the corresponding 442 
diagnostic ratio. A detailed description of all diagnostic ratios herein calculated can be found 443 
elsewhere (Scheibye et al., 2017). For E1 samples, due to the extensive removal of most 444 
hydrocarbons, some diagnostic ratio became undetectable at the last sampling time (t3) 445 
(Figure S3). For some others, such as nC17/Pr, and 2MN/1MN a little decrease (<10%) was 446 
observed over the course of the experiment (Figure S3). In the case of E3 and E5 samples, in 447 
which the extent of hydrocarbons removal was substantially lower than in E1 due to the 448 
greater distance from the anode, all diagnostic ratios could be calculated, and none displayed 449 
a substantial time-dependent reduction. Same considerations also apply to the control 450 
experiment, whereby all diagnostic ratios remained virtually unchanged over time. Taken as a 451 
whole, these findings suggest that, under the experimental conditions applied in this study, in 452 
the electrolytic mesocosm, removal of PAH and nC13-nC30 was mainly due to electroosmosis 453 
rather than to biodegradation.  454 
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According to the Helmholtz-Smoluchowsky equation (Alshawabkeh et al., 1999; Cameselle 455 
and Reddy, 2012), the electroosmotic flow from the anode to the overlying cathode was 456 
estimated to be around 250 mL/d (assuming a coefficient of electroosmotic conductivity of 457 
5×10-9 m2/ V s). Taking into account that the herein used sediment was “freshly” 458 
contaminated and therefore PAH were only loosely bound to the sediment material, it is 459 
plausible that in the presence of such a relatively high electroosmotic flow, the electrokinetic 460 
transport proceeded at substantially higher rates compared to aerobic biodegradation. 461 
Possibly, a different scenario could be expected in the case of “historically” contaminated 462 
sediments and/or in the presence of a more active indigenous hydrocarbonoclastic microbial 463 
community. 464 
By contrast, with specific reference to lower MW alkanes, biosensor analyses indicated a 465 
remarkable reduction in their concentration levels which was not mirrored by a 466 
corresponding reduction in the concentration level of pristane. Therefore, under the 467 
assumption that the physico-chemical behavior of nC6 to nC10 is somewhat similar to that of 468 
pristane, it seems likely that biodegradation was the primary removal mechanism for such oil 469 
components, although further lines of evidence are warranted.  470 
The finding that electroosmosis was less effective in removing aliphatics with respect to PAHs 471 
is a somewhat unexpected finding that, however, could be related to their lower affinity for 472 
water (i.e., higher octanol/water partition coefficient). Being less prone to be removed via 473 
electroosmosis, these contaminants remained within the tanks for longer period of times. 474 
Under such conditions, aerobic biodegradation apparently assumed a more relevant role, 475 
especially in the case of low molecular weight alkanes (i.e., nC6 to nC10), 476 
 477 
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3.5 Microbiological analyses (Next Generation Sequencing and CARD-FISH detection of alkB-478 
gene carrying cells) 479 
Sediment samples taken at different times (t0 to t2) and positions (E1 to E5 and C1 to C5) 480 
from the electrolytic and control mesocosms were also analyzed by next-generation 481 
sequencing for identifying the dynamics of the main microbial community members, as well 482 
as, their spatial distribution (Figures 8, 9 and S5). 483 
 484 
Figure 8.  485 
 486 
 487 
Bray-Curtis similarities were calculated from 16S rRNA gene sequencing profiles and non-488 
metric multidimensional scaling (nMDS) was used to assess changes in the microbial 489 
communities in electrolytic and control mesocosms (Figure 8). At time 0, microbial 490 
communities in the electrolytic mesocosm were distinct from those in the control mesocosm 491 
(Figure 8, triangles). This finding is not surprising taking into account the substantial 492 
heterogeneity of the sediment samples as also confirmed by previously described oil 493 
hydrocarbon analyses. However, within the distinct clusters, there was high similarity 494 
between sediment communities at all locations (i.e. situated close to the anode (E1) or further 495 
from the anode (E5)), and also between replicate samples (≥60-80% similarity, Figure 8). 496 
Interestingly, microbial community compositions converged at t1 (i.e., day 77) in electrolytic 497 
(E5) and control (C1) (Figure 8) with a high relative abundance of known aerobic 498 
hydrocarbon degraders, Alcanivorax and Marinobacter, in both systems (Figure 9A, B). There 499 
were successional changes in the microbial communities over time, with marked differences 500 
between t1 and t2 electrolytic and control mesocosms. Furthermore, at t2 (i.e., day 135) there 501 
appeared to be a zone of influence surrounding the anode as shown by distinct differences in 502 
the microbial communities with increasing distance from the anode in the electrified system 503 
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(Figure 8, circles). The five most abundant phyla in the electrolytic mesocosms were 504 
Gammaproteobacteria (56.1% ±8.3), Alphaproteobacteria (10.5% ±1.4), Bacteroidetes (12.9% 505 
±3.8), Firmicutes (7.6% ±4.9) and Deltaproteobacteria (3.3% ±1.1) (Figure S5). Generally, the 506 
same phyla were detected in the electrolytic and control mesocosms, however there were 507 
differences in the relative abundance of the different phyla, with a marked increase in 508 
Deltaproteobacteria at C5 after 135 days (Figure S5) which coincided with a decrease in redox 509 
and the establishment of anoxic conditions in the control mesocosm (Figure 3).  Following a 510 
more detailed analysis of the microbial communities, an increasing relative abundance of 511 
anaerobic, thermophilic spore-forming microbes within class Clostridia were detected over 512 
time in the microbial communities surrounding the anode (e.g., Thermovenabulum, 513 
Desulfotomaculum, Sporotomaculum, E1, Figure 9C), compared to communities observed in 514 
the control mesocosm and sites situated further from the anode (C1, E3, E5 at t0, t1, t2 515 
≤0.0005 ±0.0002 % rel. abundance). Sulfate-reducing Desulfotomaculum spp. have previously 516 
been isolated from oil fields and are implicated in oil biodegradation (Guan et al., 2013; Lan et 517 
al., 2011; Leu et al., 1998; Liu et al., 2008; Rosnes et al., 1991). 518 
 519 
Figure 9.  520 
 521 
 522 
As far as the CARD-FISH detection and quantification of the alkB gene is concerned, 523 
experimental data revealed a remarkable time-dependent increase in the concentration of 524 
Alcanivorax borkumensis carrying the alkB-gene in the electrolytic mesocosm at E1 and, 525 
though to a lesser extent, also at E5, hence confirming the beneficial role of electrolysis in the 526 
stimulation of aerobic hydrocarbonoclastic communities (Figure 10). In the control 527 
experiment a small increase was noticed only at C5. Taken as a whole microbiological data 528 
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provided an additional line of evidence to previously mentioned biosensors data of the 529 
stimulatory effect of electrolysis on biodegradation of (low molecular weight) alkanes. 530 
 531 
Figure 10.  532 
 533 
 534 
Long-term durability of electrode materials 535 
At the end of the 230-day experimental period, the electrodes were removed from the 536 
electrolytic mesocosm and visually examined in order to assess their structural integrity. 537 
Apparently, the integrity of the Ti-mesh anode was fully preserved (Figure 11), whereas the 538 
stainless-steel cathode appeared to be highly deteriorated with evident pitting corrosion. This 539 
finding has important economic implications, particularly in consideration of the fact that the 540 
cost of used anode material (approx. 1000€/m2) is orders of magnitude higher than that of 541 
the stainless-steel cathode. Clearly, further studies, also involving detailed microscopic and 542 
electrochemical analyses, would be warranted to more precisely assess the impact of “aging” 543 
of electrodes on their (bio)electrochemical performance. 544 
 545 
Figure 11.  546 
 547 
 548 
4. Conclusive remarks 549 
The main results of this mesocosm-scale electrobioremediation study can be summarized as 550 
follows: 551 
 Electrobioremediation proved to be a sustainable technology to remove hydrocarbons, 552 
particularly PAHs, from contaminated sediments, being characterized by a low energy 553 
footprint and a negligible need of maintenance. 554 
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 Electrobioremediation increased the ORP of the sediment, via oxygen generation, even 555 
at distance of 60 cm from the edge of the anode, despite the low applied current 556 
density of around 10 A/m2 and resulting electric power consumption of 2.25 W. 557 
 Consistent with electrolytic oxygen generation, electrobioremediation resulted in a 558 
remarkable increase in the concentration of Alcanivorax borkumensis cells (i.e., a 559 
known aerobic hydrocarbonoclastic bacterium) carrying the alkB-gene and in the 560 
development of specialized microbial communities, as determined by NGS analysis.  561 
 Both electroosmosis and biodegradation (though to this latter to a lesser extent) 562 
contributed to the removal of contaminants from the sediment, with their relative 563 
contribution being highly dependent on the nature of contaminants. 564 
 Further work is warranted to identify optimal operational strategies of the 565 
electrobioremediation system which allow to synergistically exploit the contribution 566 
electrokinetic and biodegradation processes to the removal of petroleum 567 
hydrocarbons from contaminated sites, since these two mechanisms appear to be a 568 
complex function of a high number of variables including type and levels of 569 
contaminants, activity of naturally occurring microbial community and applied 570 
electrochemical conditions (e.g., current density). 571 
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Figure legends 794 
 795 
Figure 1. (A) Schematic representation of the mesocosm-scale electrobioremediation 796 
experiment. (B) Picture of the two mesocosms positioned one next to the other within the 797 
larger tank, kept under a continuous-flow of seawater. Picture taken during the initial filling of 798 
the larger tank. 799 
 800 
Figure 2. Schematic representation of the two mesocosms with indication of the sampling 801 
positions. The direction of seawater flow is from E1/C1 to E5/C5, as depicted in Figure 1B. 802 
 803 
Figure 3. (A) Current and cell voltage throughout the whole experimental period for the 804 
electrolytic mesocosm. t0= day 0; t1 =day 77; t2 = day 135; t3 = day 230. (B) Time course of 805 
the sediment redox potential in the electrolytic and in the control mesocosms.  806 
 807 
Figure 4. Hopane-normalized concentration of C0-C4-alkylated PAHs in the electrolytic 808 
mesocosm, at the different sampling times (t1, t2, t3), and points (E1, E3, E5) relative to t0 809 
samples, measured in %. Note that columns marked with asterisks are above 150% of t0. 810 
 811 
Figure 5. Hopane-normalized concentration of C0-C4-alkylated PAHs in the Control 812 
experiment, at the different sampling times (t1, t2, t3), and points (C1, C3, C5) relative to the 813 
average of all t0 samples, measured in %. Note that columns marked with asterisks are above 814 
150% of t0. 815 
 816 
35 
Figure 6. Response of the biosensors for (A) nC6 to nC10 and (B) pristane. A fluorescence 817 
induction higher than 2-fold (red dashed line in the graphs) was considered as indicative of 818 
the presence of hydrocarbons. 819 
 820 
Figure 7. Response of the biosensors for (A) BTX and (B) PAHs. A fluorescence induction 821 
higher than 2-fold (red dashed line in the graphs) was considered as indicative of the 822 
presence of hydrocarbons. 823 
 824 
Figure 8. Non-metric multidimensional scaling (nMDS) of Bray-Curtis similarities of 16S 825 
rRNA gene sequencing profiles from electrolytic (E) and control (C) mesocosms. Microbial 826 
community profiles were generated at t0, 77 days (t1) and 135 days (t2) at different distances 827 
from the anode (e.g. E1, E3, E5). 828 
 829 
Figure 9. Putative hydrocarbon-degrading microbial communities in electrolytic and control 830 
mesocosms. Relative abundance (%) of aerobic hydrocarbon degraders across all treatments 831 
(A, B) and anaerobic, thermophilic spore-formers in E1 only (C). 832 
 833 
Figure 10. Concentration of cells carrying the alkB-gene in samples from the electrolytic and 834 
the control mesocosm. 835 
 836 
Figure 11. Appearance of the Ti-MMO anode and the Stainless-steel cathode at the start (A, C) 837 
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Abstract 27 
Marine sediments represent an important sink of harmful petroleum hydrocarbons after an 28 
accidental oil spill. Electrobioremediation techniques, which combine electrokinetic transport 29 
and biodegradation processes, represent an emerging technological platform for a sustainable 30 
remediation of contaminated sediments. Here, we describe the results of a long-term 31 
mesocosm-scale electrobioremediation experiment for the treatment of marine sediments 32 
contaminated by crude oil. A dimensionally stable anode and a stainless-steel mesh cathode 33 
were employed to drive seawater electrolysis at a fixed current density of 11 A/m2. This 34 
approach allowed establishing conditions conducive to contaminants biodegradation, as 35 
confirmed by the enrichment of Alcanivorax borkumensis cells harboring the alkB-gene and 36 
other aerobic hydrocarbonoclastic bacteria. Oil chemistry analyses indicated that aromatic 37 
hydrocarbons were primarily removed from the sediment via electroosmosis whereas low 38 
molecular weight alkanes (nC6 to nC10) via biodegradation.  39 
 40 
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1. Introduction 43 
Marine sediments represent an important sink of harmful petroleum hydrocarbons (PH) after 44 
an accidental oil spill (Gong et al., 2014). A number of different chemical, physical, and 45 
microbiological processes, contribute to the sinking of PH from the water column down to the 46 
seafloor, including weathering, adsorption onto sinking particulate matter (e.g., marine snow), 47 
and the addition of chemical dispersants (Daly et al., 2016; Passow et al., 2017; Romero et al., 48 
2017; Stout and German, 2018). Recent studies have pointed out that the fraction of spilled 49 
hydrocarbons, which ultimately reaches the seafloor may be extremely relevant, up to 14% 50 
(on a mass basis), as in the case of the Deepwater Horizon (DWH) spill (Chanton et al., 2015; 51 
Valentine et al., 2014). Upon sedimentation, PH penetrate the upper layers of the sediment 52 
whereby they can persist for years or even decades, acting as a long-lasting contamination 53 
source to natural ecosystems. The long-term persistence of hydrocarbons, buried within 54 
marine sediments, is typically due to the lack of molecular oxygen. Indeed, although 55 
extensively documented, the anaerobic biodegradation of PH typically proceeds at 56 
remarkably lower rates compared to its aerobic counterpart (Boopathy, 2017; da Cruz et al., 57 
2011; Mapelli et al., 2017; Salminen et al., 2004). Depending on site conditions, certain oil 58 
components, such as polycyclic aromatic hydrocarbons (PAH), also tend to strongly bind onto 59 
hydrophobic sedimentary materials, particularly when they are fine-grained and constituted 60 
by clay minerals, with this process markedly reducing their bioavailability, and in turn 61 
reduced their biodegradability (Kronenberg et al., 2017; Zhao et al., 2015). Furthermore, in 62 
some cases, PH biodegradation in marine sediments may also be hampered by the lack of 63 
macro and micronutrients and/or the lack of naturally occurring hydrocarbon-degrading 64 
microorganisms (Atlas and Bartha, 1972; Singh et al., 2014). 65 
Over the years, different strategies have been proposed, with varying degrees of success, to 66 
overcome environmental and microbiological factors rate-limiting PH biodegradation in 67 
contaminated marine sediments. As an example, addition of fertilizers and/or oxygen-68 
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releasing compounds (e.g., calcium peroxide-based chemicals) have been considered to 69 
address nutrient and oxygen limitation issues, respectively (Boufadel et al., 1999; Mosmeri et 70 
al., 2018; Wu et al., 2018). However, difficulties in delivering the amendments into the 71 
sediments, as well as their low yield of utilization by PH-degrading microorganisms due to the 72 
rapid consumption/scavenging by side biotic and abiotic reactions, make these remediation 73 
approaches both highly expensive and scarcely effective. Furthermore, the ever-increasing 74 
attention towards environmental sustainability is now catalyzing the interest towards novel 75 
(bio)remediation technologies which involve minimal use of chemicals (and external energy) 76 
and have, accordingly, low environmental impact. In this context, electrobioremediation 77 
technologies have recently attracted considerable attention, particularly following the 78 
discovery of an ever-increasing number of microorganisms capable to degrade environmental 79 
contaminants, including PH, using electrodes as virtually inexhaustible terminal electron 80 
acceptors in their metabolism (Aulenta et al., 2009; Cruz Viggi et al., 2015; Daghio et al., 2018, 81 
2016, 2016; Domínguez-Garay et al., 2018; Li et al., 2015; Mao et al., 2016; Modin and Aulenta, 82 
2017; Rakoczy et al., 2013; Rodrigo Quejigo et al., 2016; Wang et al., 2015; Zhang et al., 2010). 83 
Furthermore, bioelectrochemical system have also proved as an effective mean to manipulate 84 
the redox potential of a contaminated matrix and, thereby, establishing in situ conditions that 85 
are conducive to contaminants biodegradation (Barba et al., 2018; Yan et al., 2015; Yan and 86 
Reible, 2015, 2012). As an example, in a previous microcosm study, dimensionally stable 87 
anodes (DSA) buried within a contaminated sediment where successfully employed to fine-88 
tune oxygen generation within the sediment, via (low voltage, i.e., 2V) seawater electrolysis, 89 
and by so doing accelerating (up to 3-times relative to non-electrified controls) the 90 
biodegradation of crude oil hydrocarbons (Bellagamba et al., 2017).  91 
Further to their role as direct or indirect (via oxygen generation) electron acceptors, 92 
electrodes can also be exploited to enhance PH bioavailability. Indeed, application of low-93 
voltage direct electric currents triggers electrokinetic transport phenomena such as 94 
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electroosmosis, electromigration, and electrophoresis (Acar et al., 1995; Acar and 95 
Alshawabkeh, 1993). In the case of non-ionic contaminants, such as PH, electroosmosis is the 96 
principal transport mechanism (Kuppusamy et al., 2017; Lim et al., 2016; Luo et al., 2005). 97 
Electroosmosis, or electroosmotic flow, is the movement of pore water within the 98 
soil/sediment from the anode to the cathode under the influence of an electrical potential. 99 
Importantly, the electroosmotic flow is directly proportional to the applied electrical gradient 100 
(V/cm), but it is virtually independent of the soil/sediment porosity and hydraulic 101 
conductivity, thereby making this remediation approach ideally suited for the removal of non-102 
ionic contaminants from low-permeability soils and sediments. The principles of 103 
electrokinetics and electrokinetic remediation have been reviewed in several previous studies 104 
(Acar et al., 1995; Acar and Alshawabkeh, 1993; Lim et al., 2014).  105 
Here, we examined the viability of an integrated remediation approach, exploiting the 106 
synergistic effect of electrokinetic transport and bioremediation, for the treatment of marine 107 
sediments contaminated by crude oil. For the first time, the study was carried out in a highly 108 
representative environmental setting based on the use of large-scale mesocosm facilities and 109 
involved the application of a highly comprehensive suite of chemical, microbiological and 110 
electrochemical tools and analytical techniques to assess the overall viability and 111 
sustainability of the proposed approach.  112 
 113 
2. Materials and Methods 114 
2.1 Experimental setup and operational conditions 115 
The hereafter described mesocosm experiments were setup and conducted at the Messina site 116 
of IAMC-CNR, located on the seaside of Messina harbor (Italy). The mesocosms consisted of 2 117 
Perspex tanks (length: 100 cm, depth: 30 cm; height: 40 cm), one equipped with electrodes 118 
(electrolytic mesocosm) and one without electrodes (control) (Figure 1). Each tank was filled 119 
with approximately 130 kg of marine sediments that were artificially contaminated in the 120 
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laboratory with Danish Underground Consortium (DUC) Light Crude Oil, to a final 121 
concentration of approximately 10 g/Kg. The main organic components of the oil were 122 
paraffins (12.7 % wt/wt), napthenes (14.6 % wt/wt), and aromatics (4.8% wt/wt). The two 123 
tanks were positioned within a larger tank (500 x 150 x 50 cm) that was kept under a 124 
continuous-flow of seawater, taken directly from the Messina harbor, at a flow rate of 125 
approximately 510 L/h. Prior to be introduced within the tank the seawater was filtered 126 
through a 200 μm nylon mesh to remove large metazoans and other suspended materials. 127 
 128 
Figure 1.  129 
 130 
 131 
Electrodes employed in the electrolytic mesocosm were a rectangular titanium-mesh anode 132 
coated with Ru/Ir oxides (Magneto Special Anodes, The Netherlands) and a Stainless steel 304 133 
mesh cathode (Alpha Aesar, USA). The projected area of the cathode and the anode was 134 
approximately 0.045 m2. The anode was positioned close to the bottom of the tank, whereas 135 
the cathode was placed in the overlying water (outside the sediment) (Figure 1). The 136 
electrodes were connected to a power source (Manson NSP-2050, Manson Engineering 137 
Industrial, Hong Kong), using Ti wires. The spacing between the anode and cathode was 138 
approximately 30 cm.  139 
Upon setup, the electrolytic systems were maintained for approximately 2 weeks at open 140 
circuit (i.e., the electrodes kept disconnected), until the establishment of anoxic conditions 141 
within the sediment. Thereafter, the electrodes were connected to the power source and, after 142 
an initial start-up period of 14 days (aimed at verifying the electrochemical functionality of 143 
the system as a whole) during which a fixed voltage difference of 2.5 Volts was applied 144 
between the electrodes, a fixed current of 500 mA was continuously applied to the circuit. 145 
Assuming a 100% Faradic efficiency for seawater electrolysis (with oxygen evolution at the 146 
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anode and hydrogen evolution at the cathode being the only reactions taking place at the 147 
electrodes), this applied current would theoretically correspond to an oxygen generation rate 148 
of approximately 4 grams per day. 149 
The electrolytic and the control mesocosms were monitored for a period of approximately 150 
230 days, during which a number of analytical, electrochemical, and microbiological 151 
parameters were analyzed. Notably, since one of the main objectives of the experiment was to 152 
assess the radius-of-influence of the electrobioremediation system, the 2 mesocosms were 153 
sampled in different positions, at increasing distance from the electrodes, with each position 154 
being identified with a code (E1, E3, E5 and C1, C3, C5, for the electrolytic and the control 155 
mesocosm, respectively) (Figure 2).  156 
At each sampling time, sediment samples (each of approximately 50 grams) were removed 157 
from the mesocosms at the different sampling positions, using a stainless steel corer and were 158 
analyzed for: (i.) oil hydrocarbons by gas-chromatography mass-spectrometry (GC-MS) and 159 
by ad-hoc developed biosensors; a functional gene (alkB) involved in aerobic hydrocarbons 160 
biodegradation by catalyzed reported deposition – fluorescence in situ hybridization (CARD-161 
FISH); the microbial community composition using Next Generation Sequencing (NGS). 162 
Throughout the study, electrochemical measurements (i.e., electric current and voltage 163 
difference between electrodes) were taken directly from the power source (Manson NSP-164 
2050, Manson Engineering Industrial, Hong Kong). In correspondence to each sampling time, 165 
the redox potential of the sediment was measured by inserting electrodes directly within the 166 
sediment, at a depth of approximately 15 cm from the surface. A further detailed description 167 
of individual analytical and microbiological methods is included in the following paragraphs. 168 
 169 
 170 




2.2 Analysis of aromatic and aliphatic oil hydrocarbons by GC-MS and changes in diagnostic 174 
ratios 175 
2.2.1 Sample preparation.  176 
All sediment samples were homogenized with equal amounts of hydromatrix® (Agilent) in an 177 
IKA 11® sample mill and extracted through pressurized liquid extraction in an ASE200 system 178 
(Dionex, USA). The extraction cell for the sediment samples contained 4 grams of activated 179 
silica (bottom layer), 5 grams of sample mix, topped off with Ottawa sand. The samples were 180 
added 200 µL of an 8 µg/mL internal standard mix (see Table S1 for content and application). 181 
The following extraction parameters were used: Pressure: 1500 psi, pre-heat time: 2 minutes, 182 
static time: 5 minutes, flush volume: 70%, purge time: 60 seconds, static cycles: 2, 183 
temperature: 100°C, solvent mixture: n-pentane:dichloromethane (90:10). Each cell was 184 
extracted twice into separate collection vials, and after concentrating under an elevated 185 
temperature (40°C), the two extracts were combined and evaporated to dryness, and 186 
reconstituted to 5 mL with n-pentane:dichloromethane (90:10) and 200 µL of 8 µg/mL 187 
recovery standard mix (see table S1 for content and application).  188 
 189 
2.2.2 GC-MS analysis 190 
The extracts were analysed using an Agilent 5975C inert XL MSD with electron ionization 191 
operating in selected ion monitoring (SIM) mode, as previously described (Gallotta and 192 
Christensen, 2012). In brief, the GC was equipped with a HP-5 capillary column (60 m lenght, 193 
0.25 mm I.D., 0.25 µm film thickness) capillary column, with helium being used as carrier gas 194 
at a flow rate of 1.1 mL/s. Aliquots of 1 μL were injected in splitless mode with injection 195 
temperature of 300 °C. The column temperature programme was as follows: Initial 196 
temperature 40 °C held for 2 min, 25 °C/min to 100 °C then followed by an increase of 197 
5 °C/min to 315 °C (held for 14 min). The transfer line, ion source and quadrupole 198 
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temperatures were 315 °C, 230 °C and 150 °C, respectively. A total of 55 mass-to-charge ratios 199 
(m/z's) divided into 12 groups were acquired in SIM mode (Table S2). The dwell time for 200 
each m/z was 25 ms. The number of monitored ions (13 m/z's) was consistent between 201 
groups to avoid differences in the scanning frequency. Peaks were quantified using 202 
Chemstation V2.0 (Agilent technologies, Inc.). 203 
 204 
2.3 Analysis of aromatic and low MW aliphatic hydrocarbons with biosensors  205 
The bacterial strains used as biosensors were Alcanivorax borkumensis SK2 (pKSB1), which 206 
responds to n-alkanes having between 6 and 10 carbon atoms (Sevilla et al., 2015); A. 207 
borkumensis SK2 (pKSP450-3.3), which responds to pristane but not to n-alkanes (Sevilla et 208 
al., 2017); Pseudomonas putida KT2440 (pKST-1), which allows detecting benzene, toluene 209 
and xylene (Hernández-Sánchez et al., 2016); and Novosphingobium sp. HR1a (pKSR-1), a 210 
strain that responds to the polycyclic aromatic compounds biphenyl, naphthalene, 211 
phenanthrene and 2-methylnaphthalene (Segura et al., 2017). In all cases, the strains 212 
contained a plasmid in which the gene coding for the Green Fluorescent Protein (GFP) is 213 
transcribed from a suitable promoter whose expression is induced in the presence of specific 214 
hydrocarbon compounds; induction is achieved by means of a specific regulatory protein that 215 
senses the presence of a given hydrocarbon and responds by activating the corresponding 216 
promoter. The amount of GFP produced can be easily monitored measuring the fluorescence 217 
emitted by the cells (see below). A. borkumensis strains were cultured in ONR7a artificial 218 
seawater medium containing 1% (w/v) pyruvate as the carbon source (Dyksterhouse et al., 219 
1995), while P. putida and Novosphingobium were cultured in mineral salts M9 medium (Abril 220 
et al., 1989) amended with 5 mM glucose as the carbon source. Antibiotics were added to 221 
assure the stable maintenance of the reporter plasmids (50 g/ml streptomycin for A. 222 
borkumensis and P. putida strains, and 30 g/ml gentamycin for Novosphingobium).  223 
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Assays were performed adapting previously described protocols (Hernández-Sánchez et al., 224 
2016; Sevilla et al., 2015). Briefly, for the detection of n-alkanes or pristane, cultures of the A. 225 
borkumensis reporter strains were cultivated to stationary phase in ONR7a-pyruvate at 30°C 226 
and cells were centrifuged and re-suspended in fresh medium. After adjusting the turbidity of 227 
the culture to 0.1 (A600 nm) with fresh medium, 4 mL of the cell suspension were loaded into 228 
4.5 mL crew-cap glass vials containing 0.05 g of the sediment sample, or no sample (as 229 
control). The vials were closed to avoid evaporation of the hydrocarbons and incubated at 230 
30°C with agitation for 4 to 24 h, as specified. Vials containing the sediment samples, but 231 
lacking cells were used as blanks. To measure the fluorescence (amount of GFP) of the 232 
samples, 200 µL (in triplicate) were taken from the vials and dispensed onto a black, clear–233 
bottomed microtiter plate. The fluorescence (excitation 480 nm, emission 520 nm) and 234 
absorbance (600 nm) were recorded simultaneously in a TECAN (CH) reader for microtiter 235 
plates equipped with a fluorescence detector. The fluorescence signal was normalized by the 236 
number of cells present, which was calculated from the turbidity of the culture (A600) after 237 
detracting the turbidity of the sample with no cells. The fluorescence induction ratio was 238 
obtained by dividing the normalized fluorescence of sediment-containing samples by that of 239 
control samples containing no sediment. Three biological replicates were performed.  240 
When using the P. putida or Novosphingobium reporter strains to detect aromatic compounds, 241 
cells were grown overnight on M9-glucose medium and then diluted in 10 ml of the same 242 
fresh medium to a turbidity (A600 nm) of 0.1. Cells were transferred to an Erlenmeyer flask 243 
equipped with a screw cap and 0.5 g of sediment sample were added. As control, a culture of 244 
the reporter strain was used without addition of sediment sample. Flasks were tightly closed 245 
and incubated at 30°C for 7.5 h with agitation. Two ml of the cultures were taken, centrifuged 246 
(2000 rpm) to eliminate sediments, and the turbidity (A600 nm) of supernatants was measured 247 
and adjusted to 0.1. Fluorescence (excitation 485 nm, emission 510 nm) was then measured 248 
in a LPS-220B fluorometer (Photon Technology International). Fluorescence values are given 249 
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as fluorescence induction ratio (fluorescence emitted in presence of sediment divided by the 250 
fluorescence emitted by the control culture without sediment). Three independent replicates 251 
were performed. 252 
 253 
2.4 Analysis of alkB gene by CARD-FISH 254 
Sediment samples (corresponding to 2.5-15 g of wet sediment), collected from each 255 
mesocosm, were immediately fixed with formaldehyde (2%) for 3 h, at 4 °C. Cells were 256 
extracted from sediment particles in formaldehyde-fixed samples using a cell separation 257 
method based on density gradient centrifugation (Barra Caracciolo et al., 2005). Different 258 
aliquots of the supernatant containing the detached cells were filtered through 0.2 μm filters 259 
(Ø 25 mm, Millipore) using a gentle vacuum (<0.2 bar). At least two different filters were 260 
prepared for each sample. Filters were stored at -20 °C until the hybridization assays were 261 
performed. GeneCARD-FISH assay was conducted on small filter sections according to a 262 
previously described protocol (Matturro et al., 2016). Hybridized cells carrying the alkB2 gene 263 
were visualized by epifluorescence microscopy (Olympus, BX51) and quantified by counting 264 
fluorescent cells (at least 100 cells per grid) on random grids on the filter sections. 265 
Quantitative data were expressed as cell numbers per g dry weight of sediment. 266 
 267 
2.5 Microbial Community Analysis with Next Generation Sequencing 268 
Forty-eight 16S rRNA amplicon libraries were generated representing communities from the 269 
sediment used to prepare the electrolytic and control mesocosms prior to incubation at 270 
increasing distance from the electrode (day 0 - E1, E3, E5 and day 0 - C1, C3, C5 respectively). 271 
The microbial communities were also characterized in sediments from the electrolytic and 272 
control mesocosms following 77 days incubation at only two distances (day 77 - E1, E5 and 273 
day 77 – C1, C5) and at 135 days of incubation at all distances from the electrode (day 135 - 274 
E1, E3, E5 and day 135 – C1, C3, C5) (n=3 for all treatments). The microbial community 275 
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analysis was conducted according to detailed procedures reported elsewhere. Briefly, DNA 276 
extraction: Extractions were performed in triplicate from sediment samples (~400 mg) using 277 
a PowerSoil® DNA Isolation Kit (Mo Bio Laboratories Inc., USA) with a ribolyser (FastPrep-24, 278 
MP Biomedicals, USA). Procedural blanks were performed to ensure extracts remained 279 
contamination-free throughout the extraction procedure.  280 
PCR amplification 16S rRNA genes and PCR product purification: The variable V4/V5 region 281 
of the 16S rRNA gene was amplified using the degenerate primers, 515F (GTG-NCA-GCM-GCC-282 
GCG-GTA-A) and 926R (CCG-YCA-ATT-YMT-TTR-AGT-TT) (Quince et al., 2011). PCR reactions 283 
and conditions, according to a previous study, were performed in a thermal cycler (Techne 284 
TC-512, Bibby Scientific Limited). Products were analyzed by gel electrophoresis with 1% 285 
(w/v) agarose gel in 1 x Tris-acetate EDTA buffer at 100 V for 45 min. Gels were stained with 286 
ethidium bromide and visualized with a BioSpectrum Imaging System with VisionWorks LS 287 
software (UVP, Cambridge, UK). PCR products were purified with Agencourt AMPure XP PCR 288 
purification kit (Beckman Coulter). 289 
DNA quantification and Ion Torrent DNA sequencing: Purified DNA was quantified on a Qubit 290 
2.0 Fluorometer (Invitrogen) with a dsDNA high sensitivity assay kit (Invitrogen). The final 291 
concentration of DNA was adjusted to 100 pM, and equimolar concentrations of DNA from all 292 
samples were pooled. The pooled amplicon library was sequenced on an Ion Torrent Personal 293 
Genome Machine (Life Technologies). The library was diluted (26 pM) and emulsion PCR 294 
performed on a OneTouch2 instrument with an Ion PGM Template OT2 400 kit according to 295 
the manufacturer’s instructions (Life Technologies). Beads with bound template DNA were 296 
purified on a OneTouch ES system (Life Technologies). Following enrichment, the beads were 297 
loaded onto a PGM 316 chip and sequenced in accordance with the manufacturer’s 298 
instructions. 299 
Data analysis: Raw sequence reads were retrieved using the Torrent Suite Software V4.0 (Life 300 
Technologies). Sequence reads with a modal length of 428 bp were analyzed in QIIME 301 
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(Caporaso et al., 2010b). Sequences were assigned to samples based on their unique barcodes 302 
and simultaneously filtered to remove reads with no corresponding barcode, reads without 303 
the correct primer sequence and poor-quality reads (those with a quality score of <20 were 304 
discarded). Operational taxonomic unit (OTU) classifications were performed using UClust 305 
(Edgar, 2010), with an OTU threshold defined at 97% sequence identity. OTUs were first 306 
clustered open reference against the Greengenes 16S rRNA core alignment (DeSantis et al., 307 
2006) and then clustered de novo. Taxonomy was assigned using RDP Classifier (Wang et al., 308 
2007) and sequences aligned using PyNAST (Caporaso et al., 2010a). Chimeric sequences 309 
were identified with ChimeraSlayer (Haas et al., 2011) and removed before subsequent 310 
analysis. The average number of reads in individual binned libraries after filtering was 44,594 311 
with a range from 6.0 to 130,733 reads. Libraries were rarefied to 9976 reads for comparative 312 
analysis, which excluded 2 samples from the dataset (Day 0 E1 Replicate 2, 6.0 sequences and 313 
Day 135 E1 Replicate 2 due to non-amplification during PCR) (Table S3). Core diversity 314 
analysis was subsequently performed in QIIME v1.8 to provide a comparative analysis of the 315 
microbial communities between samples. Sequences have been deposited in the NCBI’s 316 
Sequence Read Archive (SRA) under BioProject PRJNA435930. Operational taxonomic unit 317 
(OTU) frequencies were subsequently used to calculate Bray-Curtis similarity indices (Bray 318 
and Curtis, 1957) for pairwise comparisons of DNA sequencing profiles. Bray-Curtis similarity 319 
values of microbial communities from electrolytic and control mesocosms were compared by 320 
non-metric multidimensional scaling (nMDS) analysis using PRIMER v7.0.13 (Clarke and 321 
Gorley, 2015). 322 
 323 
3. Results 324 
3.1 Electrochemical measurements  325 
Figure 3A shows the time profiles of electric current and cell voltage throughout the whole 326 
experimental period. Remarkably, during steady-state operation of the electrolytic mesocosm 327 
14 
at a fixed current (I) of 500 mA (corresponding to a current density of 11 A/m2), the cell 328 
voltage (V) remained stably below 4.5 V, hence pointing to a low electrical resistance of the 329 
system as a whole (<10 Ω), which was most likely ensured by the high electric conductivity of 330 
the seawater. Accordingly, under steady-state conditions, electric power consumption (W= I x 331 
V) was lower than 2.25 W.  332 
 333 
Figure 3.  334 
 335 
 336 
The application of a fixed current of 500 mA markedly affected the redox potential (ORP) of 337 
the sediment, consistently with the occurrence of electrolytic oxygen generation at the anode 338 
(Figure 3B). In the electrolytic mesocosm, at the start of the experiment the ORP was around 0 339 
V vs. Ag/AgCl, then it gradually increased at all sampling points during the initial 120 days of 340 
operation, before stabilizing, or slightly decreasing during the remainder of the test. 341 
Specifically, at E1, the sediment redox potential reached a peak of +320 mV, after 77 days of 342 
operation (i.e., t1), whereas at E3 (i.e., positioned 30 cm apart from E1) and at E5 (positioned 343 
60 cm apart from E1), the redox potential reached lower peak values of +310 V and +220 V, 344 
respectively, only after 135 days of operation. From day 120 onward, a slow decrease in the 345 
redox potential was observed at all sampling points. At the end of the study, however, the 346 
redox potential remained between +250 mV (at E1 and E3) and +150 mV (at E5).  347 
A strikingly different trend was observed in the control mesocosm, whereby after a period of 348 
around 120 days during which the redox potential remained nearly stable at around 0 V, it 349 
gradually decreased down to -200 mV by the end of the study, suggesting the establishment of 350 
anoxic conditions, most likely driven by the metabolic activity of naturally-occurring sulfate 351 
reducing microorganisms.  352 
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Collectively, these results provide a clear indication that application of low-voltage direct 353 
current, prompting seawater electrolysis, allows increasing the redox potential of the 354 
sediment, thereby creating conditions that are potentially conducive for the aerobic 355 
biodegradation of oil hydrocarbons. Most importantly, the effect of electrolysis was apparent 356 
even at a distance of over 45 cm from the edge of the anode, and also in the presence of a 357 
continuous flow of seawater over the surface of the sediment. 358 
 359 
 360 
3.2 GC-MS analysis of aromatic and aliphatic hydrocarbons  361 
As far as the concentration of main oil components is concerned, Figure 4 shows the hopane-362 
normalized concentration of C0-C4-alkylated PAHs (naphthalenes, fluorenes, 363 
dibenzothiophenes, pyrenes, and chrysenes) in the electrolytic mesocosm, at the different 364 
sampling times (t1, t2, t3) and locations (E1, E3, E5), relative to the individual t0 samples, 365 
measured in %. 366 
 367 
Figure 4.  368 
 369 
 370 
Although, experimental data appeared to be affected by a substantial variability, most likely 371 
caused by the intrinsic heterogeneity of the sediment material and uneven distribution 372 
contaminants, a time-dependent decrease in the content of nearly all PAHs and methylated 373 
PAHs was apparent in sediment samples taken just over the anode (i.e., sampling point E1), 374 
with removal efficiencies ranging from 80% to 100% at the last sampling time. Substantial, 375 
though incomplete, removal of PAHs was also observed in E3, located approximately 15 cm 376 
apart from the edge of the anode. By contrast, negligible removal of PAHs was observed in 377 
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samples taken at E5, with concentrations measured at the last sampling time (i.e., t3), in some 378 
cases even exceeding those detected at time zero (i.e., t0) (Figure 4).  379 
As far as the Control experiment is concerned, negligible removal of PAHs was observed over 380 
time, at all sampling locations (Figure 5), with concentrations measured at the end of the 381 
study being typically equal or higher than those detected at t0. This latter finding provides a 382 
straightforward indication that the observed removal of PAHs in the electrolytic mesocosm 383 
was driven by the application of electric current. 384 
 385 
Figure 5.  386 
 387 
 388 
As far as the aliphatic hydrocarbons (nC13 to nC30) are concerned, in the electrolytic 389 
mesocosm a time-dependent decrease in their concentrations (relative to t0) was observed 390 
almost exclusively at E1, whereas negligible changes were detected at further distance from 391 
the electrode (i.e., at E3 and E5) (Figure S1). Unexpectedly, the extent of removal of individual 392 
aliphatic hydrocarbons at E1 apparently increased with the length of the carbon chain, 393 
eventually reaching 45% in the case of nC30 (Figure S1).  394 
In agreement with what observed in the case of PAHs, negligible removal of aliphatic 395 
hydrocarbons, irrespective of the chain length, was observed at all sampling locations in the 396 
control mesocosm (Figure S2), hence providing an additional line of evidence that the 397 
observed removal of hydrocarbons was triggered by the applied electric current. 398 
 399 
 400 
3.3 Analysis of aromatic and aliphatic hydrocarbons with biosensors  401 
Sediment samples from the electrolytic and the control mesocosms were also analyzed for 402 
target aromatic and aliphatic hydrocarbons by means of ad hoc developed biosensors. Besides 403 
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permitting the quantification of low molecular weight compounds that could not be analyzed 404 
via GC-MS (i.e., nC6 to nC10 aliphatic hydrocarbons), biosensors also allowed an integral 405 
assessment of the progress of the bioremediation process from the quantification of lumped 406 
parameters (e.g., total PAHs). Figure 6A shows the normalized response of the biosensors for 407 
aliphatic compounds to samples taken from the electrolytic and the control mesocosms at 408 
different times (t0, t1, t2, t3). The biosensor targeting nC6-nC10 indicated no apparent removal 409 
of hydrocarbons in the control mesocosm, with concentrations measured at the last sampling 410 
time (t3) being very similar or even higher than those measured at t0. A different situation 411 
was observed in the electrolytic mesocosm, with a consistent disappearance of contaminants 412 
being detected over time in the E1 sample and, though less clearly, also in sample E3. By 413 
contrast, negligible removal of nC6-nC10 was observed in E5. As far as the biosensor for 414 
pristane is concerned (Figure 6B), no apparent removal was noticed both in the electrolytic 415 
and in the control mesocosm, in agreement with GC-MS data (data not shown).  416 
 417 
Figure 6.  418 
 419 
 420 
Figure 7 reports the results of the biosensors for aromatic hydrocarbons. Also in this case, in 421 
agreement with the results of oil chemistry obtained via GC-MS analysis, the biosensor 422 
detected a substantial time-dependent removal of aromatic hydrocarbons (i.e., BTX and PAH) 423 
in the electrolytic mesocosm only, and specifically in correspondence of E1, whereas lower to 424 
no-removal was detected at E3 and E5 and in the Control experiment.  425 
 426 




3.4 Diagnostic ratios and PAHs plots 430 
In order to gain a deeper understanding of the prevalent oil hydrocarbons removal 431 
mechanisms (i.e., removal via electroosmosis vs. biodegradation), a number of key diagnostic 432 
ratios were calculated, from GC-MS oil chemistry analyses, for each sample and were 433 
normalized to the same ratio as measured in the original oil. Conventionally, it is assumed 434 
that, due to the different intrinsic biodegradability of the different oil components, the 435 
progress of biodegradation would result in a gradual decrease of these specific ratios. As an 436 
example, pristane (Pr) and phytane (Ph) are known to degrade at a slower rate compared to 437 
nC17 and nC18. Therefore, it is expected that, upon biodegradation the specific ratios nC17/Pr 438 
and nC18/Ph would diminish over time. Same considerations apply for aromatic compounds. 439 
By contrast, removal mechanisms not linked to biodegradation, such as electroosmosis-driven 440 
mass transport, would proceed at comparable rates for compounds having similar structures 441 
such as nC17 and Pr and therefore, would not result in a net decrease of the corresponding 442 
diagnostic ratio. A detailed description of all diagnostic ratios herein calculated can be found 443 
elsewhere (Scheibye et al., 2017). For E1 samples, due to the extensive removal of most 444 
hydrocarbons, some diagnostic ratio became undetectable at the last sampling time (t3) 445 
(Figure S3). For some others, such as nC17/Pr, and 2MN/1MN a little decrease (<10%) was 446 
observed over the course of the experiment (Figure S3). In the case of E3 and E5 samples, in 447 
which the extent of hydrocarbons removal was substantially lower than in E1 due to the 448 
greater distance from the anode, all diagnostic ratios could be calculated, and none displayed 449 
a substantial time-dependent reduction. Same considerations also apply to the control 450 
experiment, whereby all diagnostic ratios remained virtually unchanged over time. Taken as a 451 
whole, these findings suggest that, under the experimental conditions applied in this study, in 452 
the electrolytic mesocosm, removal of PAH and nC13-nC30 was mainly due to electroosmosis 453 
rather than to biodegradation.  454 
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According to the Helmholtz-Smoluchowsky equation (Alshawabkeh et al., 1999; Cameselle 455 
and Reddy, 2012), the electroosmotic flow from the anode to the overlying cathode was 456 
estimated to be around 250 mL/d (assuming a coefficient of electroosmotic conductivity of 457 
5×10-9 m2/ V s). Taking into account that the herein used sediment was “freshly” 458 
contaminated and therefore PAH were only loosely bound to the sediment material, it is 459 
plausible that in the presence of such a relatively high electroosmotic flow, the electrokinetic 460 
transport proceeded at substantially higher rates compared to aerobic biodegradation. 461 
Possibly, a different scenario could be expected in the case of “historically” contaminated 462 
sediments and/or in the presence of a more active indigenous hydrocarbonoclastic microbial 463 
community. 464 
By contrast, with specific reference to lower MW alkanes, biosensor analyses indicated a 465 
remarkable reduction in their concentration levels which was not mirrored by a 466 
corresponding reduction in the concentration level of pristane. Therefore, under the 467 
assumption that the physico-chemical behavior of nC6 to nC10 is somewhat similar to that of 468 
pristane, it seems likely that biodegradation was the primary removal mechanism for such oil 469 
components, although further lines of evidence are warranted.  470 
The finding that electroosmosis was less effective in removing aliphatics with respect to PAHs 471 
is a somewhat unexpected finding that, however, could be related to their lower affinity for 472 
water (i.e., higher octanol/water partition coefficient). Being less prone to be removed via 473 
electroosmosis, these contaminants remained within the tanks for longer period of times. 474 
Under such conditions, aerobic biodegradation apparently assumed a more relevant role, 475 
especially in the case of low molecular weight alkanes (i.e., nC6 to nC10), 476 
 477 
20 
3.5 Microbiological analyses (Next Generation Sequencing and CARD-FISH detection of alkB-478 
gene carrying cells) 479 
Sediment samples taken at different times (t0 to t2) and positions (E1 to E5 and C1 to C5) 480 
from the electrolytic and control mesocosms were also analyzed by next-generation 481 
sequencing for identifying the dynamics of the main microbial community members, as well 482 
as, their spatial distribution (Figures 8, 9 and S5). 483 
 484 
Figure 8.  485 
 486 
 487 
Bray-Curtis similarities were calculated from 16S rRNA gene sequencing profiles and non-488 
metric multidimensional scaling (nMDS) was used to assess changes in the microbial 489 
communities in electrolytic and control mesocosms (Figure 8). At time 0, microbial 490 
communities in the electrolytic mesocosm were distinct from those in the control mesocosm 491 
(Figure 8, triangles). This finding is not surprising taking into account the substantial 492 
heterogeneity of the sediment samples as also confirmed by previously described oil 493 
hydrocarbon analyses. However, within the distinct clusters, there was high similarity 494 
between sediment communities at all locations (i.e. situated close to the anode (E1) or further 495 
from the anode (E5)), and also between replicate samples (≥60-80% similarity, Figure 8). 496 
Interestingly, microbial community compositions converged at t1 (i.e., day 77) in electrolytic 497 
(E5) and control (C1) (Figure 8) with a high relative abundance of known aerobic 498 
hydrocarbon degraders, Alcanivorax and Marinobacter, in both systems (Figure 9A, B). There 499 
were successional changes in the microbial communities over time, with marked differences 500 
between t1 and t2 electrolytic and control mesocosms. Furthermore, at t2 (i.e., day 135) there 501 
appeared to be a zone of influence surrounding the anode as shown by distinct differences in 502 
the microbial communities with increasing distance from the anode in the electrified system 503 
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(Figure 8, circles). The five most abundant phyla in the electrolytic mesocosms were 504 
Gammaproteobacteria (56.1% ±8.3), Alphaproteobacteria (10.5% ±1.4), Bacteroidetes (12.9% 505 
±3.8), Firmicutes (7.6% ±4.9) and Deltaproteobacteria (3.3% ±1.1) (Figure S5). Generally, the 506 
same phyla were detected in the electrolytic and control mesocosms, however there were 507 
differences in the relative abundance of the different phyla, with a marked increase in 508 
Deltaproteobacteria at C5 after 135 days (Figure S5) which coincided with a decrease in redox 509 
and the establishment of anoxic conditions in the control mesocosm (Figure 3).  Following a 510 
more detailed analysis of the microbial communities, an increasing relative abundance of 511 
anaerobic, thermophilic spore-forming microbes within class Clostridia were detected over 512 
time in the microbial communities surrounding the anode (e.g., Thermovenabulum, 513 
Desulfotomaculum, Sporotomaculum, E1, Figure 9C), compared to communities observed in 514 
the control mesocosm and sites situated further from the anode (C1, E3, E5 at t0, t1, t2 515 
≤0.0005 ±0.0002 % rel. abundance). Sulfate-reducing Desulfotomaculum spp. have previously 516 
been isolated from oil fields and are implicated in oil biodegradation (Guan et al., 2013; Lan et 517 
al., 2011; Leu et al., 1998; Liu et al., 2008; Rosnes et al., 1991). 518 
 519 
Figure 9.  520 
 521 
 522 
As far as the CARD-FISH detection and quantification of the alkB gene is concerned, 523 
experimental data revealed a remarkable time-dependent increase in the concentration of 524 
Alcanivorax borkumensis carrying the alkB-gene in the electrolytic mesocosm at E1 and, 525 
though to a lesser extent, also at E5, hence confirming the beneficial role of electrolysis in the 526 
stimulation of aerobic hydrocarbonoclastic communities (Figure 10). In the control 527 
experiment a small increase was noticed only at C5. Taken as a whole microbiological data 528 
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provided an additional line of evidence to previously mentioned biosensors data of the 529 
stimulatory effect of electrolysis on biodegradation of (low molecular weight) alkanes. 530 
 531 
Figure 10.  532 
 533 
 534 
Long-term durability of electrode materials 535 
At the end of the 230-day experimental period, the electrodes were removed from the 536 
electrolytic mesocosm and visually examined in order to assess their structural integrity. 537 
Apparently, the integrity of the Ti-mesh anode was fully preserved (Figure 11), whereas the 538 
stainless-steel cathode appeared to be highly deteriorated with evident pitting corrosion. This 539 
finding has important economic implications, particularly in consideration of the fact that the 540 
cost of used anode material (approx. 1000€/m2) is orders of magnitude higher than that of 541 
the stainless-steel cathode. Clearly, further studies, also involving detailed microscopic and 542 
electrochemical analyses, would be warranted to more precisely assess the impact of “aging” 543 
of electrodes on their (bio)electrochemical performance. 544 
 545 
Figure 11.  546 
 547 
 548 
4. Conclusive remarks 549 
The main results of this mesocosm-scale electrobioremediation study can be summarized as 550 
follows: 551 
 Electrobioremediation proved to be a sustainable technology to remove hydrocarbons, 552 
particularly PAHs, from contaminated sediments, being characterized by a low energy 553 
footprint and a negligible need of maintenance. 554 
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 Electrobioremediation increased the ORP of the sediment, via oxygen generation, even 555 
at distance of 60 cm from the edge of the anode, despite the low applied current 556 
density of around 10 A/m2 and resulting electric power consumption of 2.25 W. 557 
 Consistent with electrolytic oxygen generation, electrobioremediation resulted in a 558 
remarkable increase in the concentration of Alcanivorax borkumensis cells (i.e., a 559 
known aerobic hydrocarbonoclastic bacterium) carrying the alkB-gene and in the 560 
development of specialized microbial communities, as determined by NGS analysis.  561 
 Both electroosmosis and biodegradation (though to this latter to a lesser extent) 562 
contributed to the removal of contaminants from the sediment, with their relative 563 
contribution being highly dependent on the nature of contaminants. 564 
 Further work is warranted to identify optimal operational strategies of the 565 
electrobioremediation system which allow to synergistically exploit the contribution 566 
electrokinetic and biodegradation processes to the removal of petroleum 567 
hydrocarbons from contaminated sites, since these two mechanisms appear to be a 568 
complex function of a high number of variables including type and levels of 569 
contaminants, activity of naturally occurring microbial community and applied 570 
electrochemical conditions (e.g., current density). 571 
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Figure legends 794 
 795 
Figure 1. (A) Schematic representation of the mesocosm-scale electrobioremediation 796 
experiment. (B) Picture of the two mesocosms positioned one next to the other within the 797 
larger tank, kept under a continuous-flow of seawater. Picture taken during the initial filling of 798 
the larger tank. 799 
 800 
Figure 2. Schematic representation of the two mesocosms with indication of the sampling 801 
positions. The direction of seawater flow is from E1/C1 to E5/C5, as depicted in Figure 1B. 802 
 803 
Figure 3. (A) Current and cell voltage throughout the whole experimental period for the 804 
electrolytic mesocosm. t0= day 0; t1 =day 77; t2 = day 135; t3 = day 230. (B) Time course of 805 
the sediment redox potential in the electrolytic and in the control mesocosms.  806 
 807 
Figure 4. Hopane-normalized concentration of C0-C4-alkylated PAHs in the electrolytic 808 
mesocosm, at the different sampling times (t1, t2, t3), and points (E1, E3, E5) relative to t0 809 
samples, measured in %. Note that columns marked with asterisks are above 150% of t0. 810 
 811 
Figure 5. Hopane-normalized concentration of C0-C4-alkylated PAHs in the Control 812 
experiment, at the different sampling times (t1, t2, t3), and points (C1, C3, C5) relative to the 813 
average of all t0 samples, measured in %. Note that columns marked with asterisks are above 814 
150% of t0. 815 
 816 
35 
Figure 6. Response of the biosensors for (A) nC6 to nC10 and (B) pristane. A fluorescence 817 
induction higher than 2-fold (red dashed line in the graphs) was considered as indicative of 818 
the presence of hydrocarbons. 819 
 820 
Figure 7. Response of the biosensors for (A) BTX and (B) PAHs. A fluorescence induction 821 
higher than 2-fold (red dashed line in the graphs) was considered as indicative of the 822 
presence of hydrocarbons. 823 
 824 
Figure 8. Non-metric multidimensional scaling (nMDS) of Bray-Curtis similarities of 16S 825 
rRNA gene sequencing profiles from electrolytic (E) and control (C) mesocosms. Microbial 826 
community profiles were generated at t0, 77 days (t1) and 135 days (t2) at different distances 827 
from the anode (e.g. E1, E3, E5). 828 
 829 
Figure 9. Putative hydrocarbon-degrading microbial communities in electrolytic and control 830 
mesocosms. Relative abundance (%) of aerobic hydrocarbon degraders across all treatments 831 
(A, B) and anaerobic, thermophilic spore-formers in E1 only (C). 832 
 833 
Figure 10. Concentration of cells carrying the alkB-gene in samples from the electrolytic and 834 
the control mesocosm. 835 
 836 
Figure 11. Appearance of the Ti-MMO anode and the Stainless-steel cathode at the start (A, C) 837 
and at the end (B, D) of the study.  838 
 839 
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